The endangered species Tokudaia osimensis has the unique chromosome constitution of 2n ¼ 25, with an XO/XO sex chromosome configuration (2n ¼ 25; XO). There is urgency to preserve this species and to elucidate the regulator(s) that can discriminate the males and females arising from the indistinguishable sex chromosome constitution. However, it is not realistic to examine this rare animal species by sacrificing individuals. Recently, true naïve induced pluripotent stem cells were successfully generated from a female T. osimensis, and the sexual plasticity of its germ cells was elucidated. This achievement constitutes the basis of an attractive research area, including embryonic fate determination, sex determination, and factor(s) that can replace the Y chromosome. In this essay, concrete strategies to conserve rare animal species and to reveal their specific characteristics using other compatible and abundant animals are proposed.
Introduction
To preserve biodiversity, we must spare no effort to prevent the extinction of endangered species. If an animal species becomes extinct, it is quite difficult to rewind the evolutional branch that has incidentally remained during the history of life. As an alternative candidate for conserving wildlife habitats, induced pluripotent stem cells (iPSCs) can provide useful information based on their ability to develop into an individual and to differentiate to several types of cells. [1, 2] In fact, the iPSC technology has provided detailed characteristics of intractable diseases and effective new drugs in place of the patients. [3] If iPSCs could be derived from threatened endangered species, they would provide a valuable way to save their genome or cell resources and to produce germ cells without sacrificing animals. [4] We recently established iPSCs from an endangered species, the Amami spiny rat (Tokudaia osimensis).
This spiny rat inhabits the island of AmamiOshima, 700 000 m 2 of which are covered with forest and higher mountains located in the southern area of Japan. Amami-Oshima can be classified as a subtropical rainforest with affluent forests, lush streams, and a unique climate, which are adequate for the generation of 100 rare animals and plants. Although T. osimensis is thought to be a seasonal breeder, almost none of the reproductive characteristics of T. osimensis have been clarified. Some Japanese institutions and zoos are allowed to breed pairs of T. osimensis for natural reproduction; however, to date, copulation and breeding have not occurred spontaneously because of difficulties in establishing and adjusting an environment that is suitable for breeding.
Because of its unique sex chromosome composition, XO/XO, female T. osimensis iPSCs could contribute and survive as germ cells in adult interspecific ovaries and testes, which suggests the acquisition of sexual plasticity by germ cells according to their unique position in evolution [5] (Figure 1 ). Although the candidate regulator(s) affecting the sex determination of T. osimensis have not been elucidated, it is assumed that one of the best ways to study sex determination in this species is the analysis of the exact time point at which the discrimination of the sexes has just occurred. If their ontogeny is incarnated in the interspecific foster mother, the use of iPSCs may provide an attractive research tool to explore the mechanism of sex determination that was acquired after the evolutional loss of the Y chromosome. Moreover, this is the first report of the derivation of interspecific chimeras that carry cells from an endangered species in their whole body, including germ cells. This achievement may prevent the potential extinction of endangered species. Importantly, competent iPSCs can differentiate into and contribute to cells or tissues as interspecific chimeras. Designing embryos or tissues of a rare animal species is now feasible.
Effective Production of T. Osimensis Germ Cells is Indispensable but Difficult to Achieve
In most mammals, female (XX) cells cannot remain as spermatids in the testicular environment because of the presence of the second X chromosome and the absence of Y-linked genes. [6] [7] [8] [9] Y-related genes play the indispensable roles of raising and maintaining spermatogenic cells in the male reproductive environment. [10] However, T.
osimensis has renounced its Y chromosome and has evolved to generate males (and sperm) without Y-related genes. [11] Recently, we have shown that female (XO) T. osimensis cells have the potential to generate spermatids in the mouse testicular environment, which suggests the acquisition of sexual plasticity in T. osimensis germ cells via their evolution. [5] In general, mammalian sex determination is regulated by genetics. Although mouse primordial germ cells (PGCs) are dimorphic, the fate of XX prospermatogonia in the testes after birth differs from that of XY prospermatogonia. [9] Several reports have demonstrated that the overexpression of the gonadal promoter WT1-driven Y-related (Sry and Eif2s3y) or non-Y-related (Sox9 and Eif2s3x) genes in mice lacking a Y chromosome (XO) is necessary for the development and maintenance of spermatogenic cells. [10, 12] In fact, SRY is absent in T. osimensis, whereas SOX9 is expressed in the testes. [13] To our knowledge, no interspecific chimeric pups with germline transmission have been derived using ESCs/iPSCs from species other than the mouse and rat [14, 15] because of difficulties in establishing true naïve ESCs/iPSCs. [14] The chimeric contribution in a xenogeneic environment other than that of the mouse and rat is very restricted. [16, 17] Although a cohort of about 40
PGCs is first identifiable at 6.25-7.25 dpc in the mouse, [18] the germline contribution of T. osimensis iPSCs as spermatocytes (0.031%) and oocytes (0.29%) in a xenogeneic environment is severely restricted. [5] In fact, germline differentiation hardly occurs in the xenogeneic (mouse and rat) environment. [19] These may be caused by immunological and/or interspecific incompatibility between T. osimensis germ cells and gonadal somatic cells of the recipient embryos. If so, the in vitro differentiation into PGC-like cells (PGCLCs) and transplantation with gonadal somatic cells into immunodeficient mice is expected to overcome these restrictions. [20, 21] To generate T. osimensis germ cells, allogenic gonadal supporting cells need to be prepared. Some strategies must overcome this difficulty. T. osimensis Sertoli cells can be prepared by direct reprogramming from T. osimensis fibroblasts, for adaptation to the allogeneic support cells. [22] Very recently, germ cells were differentiated from embryonic stem cells independently into gonadal somatic cells. [23] Moreover, the establishment of germline stem cells from T. osimensis iPSCs would lead to the mitigation of xenogeneic incompatibility. [24] These strategies would possibly overcome the difficulties in the generation of interspecific germ cells.
Stepwise Strategies Actualize the Production of Endangered Individuals While Elucidating the Mysteries of Developmental Curiosities

T. Osimensis Germ Cells Can Be Generated via Interspecific Compensation of the Missing Counterparts
One of the most interesting objectives of using T. osimensis iPSCs is the reproduction of embryonic development and rewinding of the individuals. To achieve these objectives, it is necessary to produce T. osimensis germ cells efficiently. As mentioned above, it is not realistic to obtain sperm and oocytes via the restricted generation of T. osimensis germ cells in interspecific chimeras. To overcome this restriction, two candidate strategies exist for the efficient generation of T. osimensis germ cells ( Figure 2) . One is the preparation of T. osimensis germ cells that contribute efficiently in the interspecific gonads, using the blastocyst complementation method. [19] Blastocyst complementation has been developed for the generation of almost-whole organs in xenogeneic environments. [19, 25] If we injected ESC/iPSCs into blastocysts obtained from mutant animals in which the development of a certain organ was precluded by genetic manipulation, thereby leaving a niche for organ development, the ES/iPS-derived cells would developmentally compensate for the defect and form the missing organ. Nanos3 is a candidate gene for disruption in the application of germ cell complementation in mice. In fact, germ www.advancedsciencenews.com www.bioessays-journal.com cell complementation using Nanos3-deficient cells has been achieved in bovines; [26] this can be applied to the mouse and rat. Using Nanos3-deficient mouse or rat blastocysts as a host, T. osimensis iPSCs could contribute effectively to the gonads and differentiate into male and female germ cells. If T. osimensis germ cells effectively contribute in testes as male germ cells, the derivation of germline stem cells of T. osimensis would become a candidate strategy for the generation of T. osimensis sperm. [27] The other candidate strategy is the in vitro generation of germ cells. [20, 21] This is based on knowledge about the mechanism of germ cell specification and development in mice. This strategy reproduces the germ cell specification via the induction of ground-state ESCs/ iPSCs into epiblast-like cells, and then into PGCLCs. After the induction of PGCLCs, these were transplanted together with gonadal somatic cells into the kidneys or ovaries of immunodeficient mice. This method implemented the robust contribution of spermatogenesis and oogenesis and led to the generation of fertile offspring. We aim to generate sperm and oocytes efficiently from T. osimensis in vitro. If we can produce germ cells efficiently, we will try to generate embryos and individuals of this endangered species.
What Will Be the Developmental Fate of XX, XO, and OO Embryos?
If we can generate T. osimensis embryos from germ cells obtained as described above, their sex chromosome constitution is supposed to consist of XX, XO, and OO (Figure 2) . We have much interest in the existence of XO individuals and in the reason why XX or OO has not been found to date. We hypothesize that XX and OO embryos cannot develop to term. A critical contributor to X chromosome inactivation, Xist, was detected on the X chromosome of T. osimensis. [28] Recently, sequencing of the Xist gene of T. osimensis revealed that its function should be lost, [29] which would explain why XX individuals do not exist. However, it has been difficult to examine this issue thoroughly in this rare animal species. Therefore, we aim to derive sperm and oocytes from T. osimensis iPSCs in vivo or in vitro and to produce preimplantation embryos using assisted reproductive technology. We have shown that T. osimensis iPSCs exhibit true naïve pluripotency. [5] It is well known that female naïve ESCs express the Xist mRNA from both X chromosomes. [30] If XX blastocysts can be obtained from the reconstructed T. osimensis embryos, Xist expression should be observed via the derivation of embryonic stem cells. However, the difficulty of culturing preimplantation embryos in vitro varies according to species. The in vitro culture of embryos from laboratory mice has been well established and their early development is easy to trace. Conversely, the in vitro culture of preimplantation embryos from common experimental rodents, the rat and the hamster, has not been fully achieved. To trace the detailed preimplantation development of XX or OO embryos, an in vitro or a xenogeneic in vivo culture system needs to be established.
Gonadal Development Must Be the Key Regulator of Sex Determination in T. Osimensis
Although we have elucidated the sexual plasticity of the germ cells of T. osimensis, sex determination, particularly the sex-fate determination of gonads, has not been determined. We would like to clarify the mechanism underlying sex determination in T. Figure 2 . Strategy for rewinding T. osimensis via in vivo and/or in vitro germ cell generation from T. osimensis iPSCs. T. osimensis germ cells may be generated by germ cell complementation (in vivo) and/or primordial germ cell-like cell formation (in vitro). Gametes and preimplantation embryos can be derived by intracytoplasmic sperm injection. Developmental fate determination and sexual differentiation can be analyzed instead of using irreplaceable animals.
www.advancedsciencenews.com www.bioessays-journal.com osimensis during its evolution. To analyze sex discrimination in this species, T. osimensis embryos that are just about to differentiate into the primordium of testes or ovaries need to be reconstituted. The most important obstacle to this approach is the lack of appropriate foster mothers for the transplantation of reconstituted embryos. Previously, we tried to rewind T. osimensis using tetraploid complementation methods, such as mouse iPSCs. [2] However, this process was halted at the early postimplantation stage, not by decidual abnormalities, but by the developmental arrest of the embryos (data not shown). This suggests an interactional incompatibility between xenogeneic T. osimensis embryos and the mouse uterus. One effective candidate approach to overcoming this problem is the use of other host animals or uterus complementation by T. osimensis iPSCs.
T. osimensis have lost a gene, the sex-determining region of chromosome Y (SRY), as well as the Y chromosome. [11] A previous report suggested that SOX9 expression in the testes must be regulated by a new sex-determining gene. EIF2S3X and EIF2S3Yare located on a single X chromosome via Y-to-X translocation. [11] EIF2S3Y expression was observed in male and female gonads. Moreover, comparative genomic hybridization has shown that there is almost no difference (with the exception of the heterochromatic and telomeric regions) between male and female T. osimensis. [31] Recent progress on the sequential evaluation of the Y chromosome of several mammalian species revealed that some genes remaining on the Ychromosome were not randomly retained, but designated to remain persistently. [32, 33] These reports indicated that the Y chromosome will be maintained based on critical significance and meaning as an evolutional branch. Conversely, Tokudaia and Ellobius definitely lost their Y chromosome, but apparently generate a male Ychromosome independently. Although the eager exploration of genetically modified mice is providing steady progress in this field, the gene(s) that can completely replace the Y chromosome have not been identified. [10, 12] To pinpoint the master regulator of sex determination, the bipotential genital primordium at the precise timing of discrimination of the gonadal fate of T. osimensis embryos should be examined. To generate T. osimensis gonads in interspecific chimeras, an essential regulator, WT1, will facilitate the achievement of this arduous objective. [34] If mouse WT1 and/or SF1 knockout embryos, which cannot generate the gonadal primordium, were to be generated as a host for blastocyst complementation, the genital primordium of T. osimensis would develop in midgestational interspecific chimeras (Figure 3) . If gonadal sex-fate determination in T. osimensis is defined by their genetics, the generation of gonadal somatic cell sex (and provably individual sex) will accompany (or rely on) the sex of the donor iPS cells. Although the possibility that the sex determination of T. osimensis is controlled by unknown systems, such as temperature, starvation, or epigenetics, cannot be ruled out, the detailed investigation of each sex of bipotential genital primordia will provide a key regulator for gonadal (and individual) fate determination.
iPSC Technology as an Insurance Against Possible Extinction
Numerous species are now threatened with extinction; thus, it is crucial to preserve biodiversity. We have successfully generated oocytes and spermatids from a small piece of tissue of a wild endangered individual without any reduction in the number of animals. We demonstrated that iPSC technology is a potentially effective strategy for protecting endangered species from likely extinction.
Recently, generation of iPSCs from endangered species was achieved with the orangutan, drill, and northern white rhinoceros. [35, 36] Because all exhibited prime pluripotency, it seems difficult that they contributed to host embryos as a chimera. Putative naïve-state iPSCs have been established from an endangered felid species, Panthera uncia. [37] These iPSCs formed dome-shaped colonies, maintained their pluripotency in LIF medium, and formed teratomas when transplanted into SCID mice. However, true naïve-state characteristics related to developmental plasticity have not been examined using chimeric animal production. The modification of primed-state iPSCs that contribute to host embryos as chimera seems to require naïve conversion or the adjustment of stem cell status to produce region specificity. [38, 39] If naïve-state or region-specific iPSCs can be generated successfully from endangered species, appropriate embryos for injection and recipient mothers for the transplantation of embryos from other mammalian species should be considered. As a possible strategy to produce candidate recipients, the endangered species could be paired with another compatible and abundant species. As an interesting trial, an attempt has been made to bring back the aurochs, an ancestor cattle that became extinct 400 years ago, by crossing with heritage cattle. [40] Tokudaia consists of three species: T. osimensis (the Amami spiny rat), T. tokunoshimensis (the Tokunoshima spiny rat), and T. muenninki (the Okinawa spiny rat). All inhabit the southernmost islands of Japan: Amami-Oshima, Tokunoshima, and Okinawa, respectively. Remarkably, T. osimensis and T. tokunoshimensis both have an XO/XO sex chromosome constitution and lack the Y chromosome. The chromosome constitution of T. osimensis and T. tokunoshimensis is 2n ¼ 25; XO and 2n ¼ 45; XO, respectively. [41, 42] It is assumed that after the separation of Tokunoshima and Amami-Oshima via isolation from their continental relatives no later than the Early Pleistocene (2-1.7 million years ago), the chromosome number of the Amami-Oshima populations might have decreased to 2n ¼ 25. Kobayashi et al. reported a clear correspondence in the chromosomal banding pattern between the two species. They suggested that at least 10 times number of Robertsonian fusions occurred in T. osimensis chromosomes during their evolutionary process. [31] In contrast, the chromosome constitution of T. muenninki is 2n ¼ 44 with an XX/XY sex chromosome configuration. [43] The derivation of animals of both sexes from iPSCs of all Tokudaia species can trace the evolutional discriminations present in these species.
However, if endangered species are successfully brought back via the iPSC technology in the future, they must be maintained only in strictly managed environments as a precious bioresource; they should not be released into the wild. In general, animals generated from iPSCs tend to have exogenous genes (Yamanaka factors and/or marker genes) in their genomes; thus, they are genetically modified animals. Moreover, the rewinding of organisms using iPSC technology may carry the risk of causing other types of damage in the environments that have adapted after their extinction.
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Conclusion and Outlook
In this essay, I argued for iPSC-based strategies for the characterization and conservation of rare animal species. First, naïve-state iPS cells need to be established from somatic cells of the desired animals. General iPSCs can be classified as primed or naïve. As opposed to naïve-state cells, primed-state iPSCs hardly contribute to chimeras or differentiate into germ cells. Despite the eager demonstrations of naïve conversion from primed-state iPSCs, effective production of chimeras or germ cells from those (partially) naïve-converted iPSCs has not been achieved. Second, the production of interspecific chimeras using recipient species, which tolerate xenogeneic iPSCs, is an effective way to generate iPSC-derived germ cells, embryos, or gonads. In particular, embryos for blastocyst complementation are easily obtained via the development of a genome editing strategy in any animal species. In fact, in the case of Tokudaia, I proposed a strategy to elucidate the sex determination system via interspecific gonadal complementation (Figure 3 ). Finally, it may be possible to rewind individuals from iPSCs; however, a formidable obstacle needs to be overcome: the preparation of foster mothers that can accept the implantation of preimplantation embryos and support their development to term is crucial for the generation of these embryos from iPSderived germ cells. True naïve iPSCs can differentiate into all types of cells and develop to whole individuals. The derivation of naïve iPSCs may represent an unexplored and/or unexpected biological phenomenon without any reduction in the number of animals. By combining naïve-state iPSCs with bioengineering techniques, the elucidation of the sexdifferentiating mechanisms of Tokudaia osimensis or the bringing back of extinct species is no longer a fantasy. These strategies will become the touchstones not only of the rewinding of endangered species but also of human regenerative medicine in the future.
